Hemodialysis vascular access recommendations promote arteriovenous (AV) fistulas first; however, it may not be the best approach for all hemodialysis patients, because likelihood of successful fistula placement, procedure-related and subsequent costs, and patient survival modify the optimal access choice. We performed a decision analysis evaluating AV fistula, AV graft, and central venous catheter (CVC) strategies for patients initiating hemodialysis with a CVC, a scenario occurring in over 70% of United States dialysis patients. A decision tree model was constructed to reflect progression from hemodialysis initiation. Patients were classified into one of three vascular access choices: maintain CVC, attempt fistula, or attempt graft. We explicitly modeled probabilities of primary and secondary patency for each access type, with success modified by age, sex, and diabetes. Access-specific mortality was incorporated using preexisting cohort data, including terms for age, sex, and diabetes. Costs were ascertained from the 2010 USRDS report and Medicare for procedure costs. An AV fistula attempt strategy was found to be superior to AV grafts and CVCs in regard to mortality and cost for the majority of patient characteristic combinations, especially younger men without diabetes. Women with diabetes and elderly men with diabetes had similar outcomes, regardless of access type. Overall, the advantages of an AV fistula attempt strategy lessened considerably among older patients, particularly women with diabetes, reflecting the effect of lower AV fistula success rates and lower life expectancy. These results suggest that vascular access-related outcomes may be optimized by considering individual patient characteristics.
kidney failure. [5] [6] [7] In contrast, current guidelines suggest early AV fistula placement followed by prompt evaluation for maturation and additional interventions and/or new fistula creation if needed. AV grafts, a third type of vascular access, are neither recommended nor discouraged. 8 Despite higher initial successful function rates compared with AV fistulas and lower infection rates compared with catheters, AV grafts tend to require more interventions and are more likely to fail after successful use compared with AV fistulas. 2, 9 Multiple studies show that older patients, women, and patients with vascular disease or vascular disease risk factors are at greatest risk of having an AV fistula fail to mature, potentially leaving them dependent on CVCs for vascular access. [10] [11] [12] Accordingly, it is possible that these patients may benefit from initial AV graft placement because of higher rates of primary maturation. 13, 14 Many prior studies exploring vascular access choice have not assessed the effect of vascular access failure and more importantly, have not fully considered how patient characteristics affect both access failure and mortality. We, therefore, addressed the most common scenario facing North American patients on hemodialysis and hemodialysis facilities-a patient initiating hemodialysis with a CVC-and modeled subsequent vascular access choice, incorporating age, sex, and diabetes status into a decision analysis to address the rate of access failure and mortality associated with each vascular access option.
RESULTS

Overview of the Simulation
Model assumptions were obtained from the published literature or determined directly from observational cohorts when available (Tables 1 and 2) . A simplified conceptual model showing decision points and patient flow is shown in Figure 1 .
Base Case Analyses
For the youngest modeled cohort (40 years old), placement of AV fistulas in men without diabetes maximized mean survival (7.94 years) (Table 3) ; the corresponding mean overall cost for this group was $563,000 (approximately $71,000 per year) (Figures 2 and 3) . In contrast, the CVC strategy for a 40-year-old man with diabetes minimized mean survival (4.15 years) and because of the shorter lifespan, minimized overall costs ($358,000), albeit with higher annualized costs. Accordingly, for this age group when considering annual costs, the AV fistula attempt strategy was superior in regards to survival for each group combination, although the advantage was considerably reduced among women with diabetes. The AV graft attempt strategy, although inferior to an AV fistula strategy for survival, was associated with greater lifespan and lower annualized costs than a catheter-only strategy across all categories.
For middle-aged (60-year-old) patients, placement of AV fistulas in men without diabetes also maximized mean survival (4.54 years), yielding overall costs of $331,000 per person. The catheter-only strategy in men with diabetes yielded the lowest mean survival (2.53 years) along with a mean overall cost of $231,000. The AV fistula attempt strategy yielded a higher survival compared with both an AV graft attempt strategy and catheter-only strategy across most categories. However, for women with diabetes, the AV fistula and AV graft strategies yielded the same survival (2.95 years), although the overall cost for the AV graft attempt strategy was $36,000 higher.
For the oldest (80-year-old) patients, there was a similar trend: placement of AV fistulas in men without diabetes yielded the longest mean survival (2.59 years) at an overall cost of $201,000 per person. For this age group, men with diabetes with an AV graft attempt strategy had the lowest mean survival (1.74 years), although there was little difference across access strategies, with an AV fistula strategy yielding a mean survival of 1.89 years and the catheter-only strategy yielding a mean survival of 1.79 years. For women with diabetes, an AV graft attempt strategy maximized mean survival (1.94 years) and was slightly higher than mean survival for the AV fistula strategy (1.91 years) or the catheteronly strategy (1.86 years). Overall costs associated with an AV graft attempt strategy were highest at $186,000 compared with $164,000 and $170,000 for AV fistula and catheter only, respectively. Projecting outcomes at a finer set of age gradations for men and women with and without diabetes highlighted several trends, which are illustrated in Figure 2 . For men without diabetes, the AV fistula strategy produced the greatest survival benefit across all ages, although this advantage decreased as age increased (Supplementary Figure 1) . A similar but less pronounced pattern was evident in women. For men with diabetes, the AV fistula strategy yielded a modest survival benefit at younger ages, but the benefit diminished as age approached 80 years. Finally, for women with diabetes, there was little survival difference at all ages between AV fistula and AV graft strategies. For this particular category, both strategies were found to have better survival and lower cost compared with a catheter-only strategy at younger ages, with smaller differences seen at older ages.
For the majority of scenarios, the incremental costeffectiveness ratio for the AV fistula strategy compared with the AV graft strategy was ,$50,000 across all age categories, indicating that a fistula strategy likely is cost-effective. In older women with diabetes, survival among patients (Table 4) using an AV graft strategy was equal to or marginally better than among patients using an AV fistula strategy, with approximately 60 years of age being the threshold at which an AV graft attempt strategy first was associated with greater mean survival. A CVC-only strategy was inferior to both AV fistula and AV graft attempt strategies for all categories and across all ages; however, survival differences narrowed considerably at the oldest ages.
Sensitivity Analyses
First, we varied the probability of initial AV fistula success (Table 5) . When initial success was decreased by 20%, we saw a shift toward a much smaller survival benefit for the AV fistula attempt strategy compared with the AV graft strategy for most scenarios. For women with diabetes, the AV graft strategy had a superior survival across the range of modeled ages. When the AV fistula probability was increased by 20%, the AV fistula survival benefit increased modestly for most scenarios, and for women with diabetes, parity was reached near 80 years of age. Second, we varied long-term patency rates for both AV fistulas and AV grafts. Increasing the AV graft longterm patency rate by 50% resulted in relatively little change from our base case. Decreasing the AV fistula long-term patency rate by 50% yielded results very similar to the base case as well. Finally, increasing the time period to achieve a functioning graft to 90 days (equal to that of AV fistula) resulted in nearly identical results to our base case. We also varied cost inputs in two ways. First, we assumed that the annual cost of an AV graft was equal to the corresponding cost for an AV fistula. This change made the incremental cost-effectiveness of the AV fistula attempt strategy less favorable, increasing it to .$50,000 dollars per life year for the majority of scenarios. For patients in which AV grafts had superior survival (60-and 80-year-old women with diabetes), this change made the cost-effectiveness ratio more favorable (smaller) but did not reduce it to below the common benchmark of $50,000 per life year. Second, the yearly cost of a catheter was increased by 
DISCUSSION
In patients initiating hemodialysis with a CVC, an AV fistula attempt strategy seems associated with better survival and lower annual per patient costs compared with either an AV graft or CVC-only strategy. However, for patients over the age of 60 years, particularly women or patients with diabetes (scenarios where AV fistula success may be less likely), any difference in survival across strategies is minimal, and differences in cost are modest. These findings suggest that heterogeneity within the hemodialysis population significantly influences vascular access-related outcomes and that, although attempting AV fistulas may be the optimal strategy for most patients, an individualized care plan is critical. Previous studies have attempted to address similar questions about vascular access. 15, 16 A 2012 decision analysis compared AV fistula use with AV graft use, finding that an AV fistula attempt strategy was more effective when the probability of AV fistula maturation was 36% or greater. 16 However, this study did not consider patient mortality, take into account 15 concluding that AV fistulas were superior to AV grafts, although the reported difference was less than the differences reported in Figure 3 . Total life time in US dollars by access attempt strategy. Plots are stratified by sex and diabetes status. The x axis represents the age in years of modeled patients. The y axis represents the total lifetime cost in US dollars for modeled patients. Total costs in United States dollars for vascular access strategies by age stratified by sex and diabetes status. AVF, AV fistula; AVG, AV graft; cath, CVC. observational studies. This study also did not consider catheters as a potential vascular access option. Neither study accounted for variation in AV fistula failure rates because of patient-level characteristics, a key strength of our study. Our results confirm that, for many patients initiating hemodialysis with a CVC, attempting to place an AV fistula for hemodialysis access is a reasonable transitional strategy, although it may not be the ideal strategy for all patients initiating with a catheter. Notably, recent guidelines and quality metrics focus on the presence or absence of AV fistulas rather than the individualized care plan, 17 reflecting the reasonable conclusion that a well functioning AV fistula is the preferred type of vascular access. Our study supports this overall premise but does so convincingly only in younger patients initiating dialysis with a catheter. For older patients, particularly for women or individuals with diabetes, we found little mortality difference among the three vascular access types, whereas cost differences were modest. Accordingly, practice and reimbursement guidelines should potentially allow for more flexibility, possibly including an indicator of vascular access suitability and likelihood of success. 18 In our model, age, sex, and diabetes status serve as predictors of both the probability of AV fistula failure and overall mortality. Because each of these factors has a strong effect on survival and cost differences among different access types, it is likely that better predictive models for both successful AV fistula creation and mortality could further assist in determining the optimum access choice for patients on hemodialysis. Finally, we also note that our findings apply to patients initiating hemodialysis with a catheter, a situation that may reflect patient education as well as systemic barriers to the optimum delivery of health care, including ability to pay. 6, 7 As such, changes to the way that we care for patients before ESRD have the potential to lead to different outcomes than the outcomes presented.
The Fistula First Breakthrough Initiative states that their mission is "to improve the survival and quality of life of patients on hemodialysis by optimizing vascular access selection -which for most patients will be an AV fistula." Our findings may modify this statement. First, working AV fistulas may not be attainable in all patients, and therefore, the referral and evaluation process could be emphasized or rewarded instead. Second, the mission statement could suggest potential characteristics of patients for whom an AV fistula attempt may not be beneficial, including old age, women, and diabetic comorbidity. In our study, such patients had the lowest probability of fistula maturation and the highest mortality rate.
There are several limitations to our study. First, model assumptions are largely on the basis of observational data with all its potential biases. Importantly, both the patency rates for fistulas and grafts and the overall survival estimates by the above access types are likely confounded by indication. This type of bias may be particularly important for studies of vascular access, because older, sicker patients may be more likely to receive catheters and to a lesser degree, AV grafts as their permanent access. In a related fashion, this bias may partially explain the greater survival time seen for women with an AV graft or catheter. Women, even those with few comorbid conditions, may be more likely to receive alternative forms of access because of their lower rate of AV fistula patency. Despite this potential for bias in observational data, we note that there are currently no completed randomized trials comparing vascular access strategies for patients on hemodialysis. Our study, which attempts to model vascular access scenarios as close to reality as possible while maintaining model simplicity, tries to address this bias in part through our sensitivity analyses, which incorporate additional variation in mortality and patency rates between access types. Our results remain largely consistent, even in these sensitivity analyses. However, we did not account for possible differences in outcomes that might be related to the reasons why patients initiated hemodialysis with a catheter. For example, the catheter-related mortality risks in patients whose fistula or graft created in the predialysis phase failed, necessitating initiation with a catheter, might differ from catheter-related mortality risks in patients who initiated dialysis with a catheter because of modality indecision, lack of dialysis preparation, or urgent start caused by intercurrent medical events. The effect of subsequent fistula creation (AV fistula-CVC-AV fistula) could be different from that modeled in our study (CVC-AV fistula). Indeed, our study results, which were produced by a simulation model and on the basis of population averages (not individual outcomes), cannot replace results from a prospective trial. We also acknowledge that, for the sake of model simplicity, several common scenarios were not modeled, including attempts at both AV fistula and AV graft creation in the same patient as well as incorporation of peritoneal dialysis as an access option. In addition, we did not vary the survival curves after a switch between access types; we note that a previous observational study showed a higher risk for mortality associated with switching from an AV fistula or AV graft to a catheter. 19 We chose to limit these potential transitions to allow for easier interpretation of both the model and results. Furthermore, we assumed that, during the first 90 days after hemodialysis initiation, mortality risk does not depend on the access strategy selected. Although an oversimplification, our model aimed to explore longerterm differences in access-related mortality and cost. Additionally, we did not include other important factors that may influence the successful creation of a useable vascular access. Other risk factors, such as cardiovascular and peripheral vascular disease, heart failure, or use of additional diagnostic tests such as vessel mapping, may also be useful in predicting the likelihood of benefit for each access type but were not specifically modeled in this study. Finally, we note that costs associated with vascular access types are not static. For example, fistulas placed in patients with more marginal vessels may require costly interventional procedures to facilitate maturation (e.g., balloon-assisted maturation). As such, inclusion of all patients, even poor candidates, in an AV fistula attempt strategy would likely increase costs. These factors are partially accounted for in sensitivity analyses that equalize AV fistula and AV graft costs. Our study also has several strengths. First, model assumptions were ascertained from large datasets that include a representative population of patients on hemodialysis. Use of such data makes it more likely that our results are generalizable to the wider dialysis population. Second, most access transitions that occur from hemodialysis initiation onward have been considered. Finally, by addressing the effect of age, sex, and diabetes status, the model accounts for heterogeneity in the hemodialysis population, allowing for assessment of how these factors influence differences between vascular access attempt strategies.
In conclusion, we show substantial heterogeneity in the cost and survival difference among access types when age, sex, and diabetes status are considered. Although being younger, a man, and without diabetes are characteristics indicating benefit of attempting AV fistulas, both AV graft and CVC-only strategies may be reasonable for patients with low likelihood of fistula success, such as older patients (including older women) and patients with diabetes. These results indicate that consideration of these subgroups may be crucial for the proper interpretation of future studies concerning vascular access.
CONCISE METHODS
Decision Model
We developed a simulation model to reflect the progression from initial vascular access placement at hemodialysis initiation to death. Using a discrete event framework, at any time period in the model, patients were characterized as having one of three vascular access types: CVC, AV fistula, or AV graft. Beginning from hemodialysis initiation, we modeled the probability of vascular access failure and assessed the survival and cost associated with each vascular access modality.
Because most patients on hemodialysis in the United States initiate with a catheter, 4 our base case assumed initiating hemodialysis through a tunneled CVC. We then compared three strategies: (1) continue CVC, (2) attempt AV fistula, and (3) attempt AV graft (Figure 1 ). After the initial 90-day period, each patient's probability of death depended on age, sex, and diabetes status. 3 Patients who survived retained CVC as their access until a functioning AV fistula or AV graft was achieved. A successful AV fistula was assumed to require 90 days for primary patency, whereas a successful AV graft was assumed to require 30 days for primary patency. Probabilities of primary and secondary patency depended on patient age, sex, and diabetes status as well as access type and whether the placement attempt was the first or second (the model assumed that no more than two placement attempts would be made; first attempts had a higher probability of success). AV graft and AV fistula failures were followed by return to a CVC, with a subsequent attempt to place a new AV fistula or graft. To simplify the model, AV fistula placement was not attempted in patients who first received an AV graft, and AV graft placement was not attempted in patients who first received an AV fistula. CVCs were assumed to carry no modeled risk of failure but did incur the cost of catheter removal, replacement, and hospitalizations as part of the overall total costs associated with having a CVC. Time to death (after the initial 90-day period) depended on age, sex, diabetes status, and access type (Figure 1 ). Comorbidity adjusters were deliberately limited to enhance model simplicity and applicability.
Our primary outcomes were mean survival in life years, mean medical costs in United States dollars, and the incremental cost-effectiveness ratio defined as the difference in costs between two competing strategies divided by the difference in survival in life years between strategies. Life years and costs were discounted at a rate of 3% per year.
Model Input Parameters
Event probabilities for each access type were extracted when possible from published literature regarding primary access placement success and subsequent access patency (Table 1) . To estimate the probability of initial AV fistula placement success, we used data from the risk equation determining unsuccessful cannulation events and failure to maturation in AV fistulas, a longitudinal cohort study that examined risk factors for fistula failure. 11 Predicted probability of success was calculated using terms for age, sex, and diabetes. The probability of initial AV graft success was extracted from the placebo group rate in the Dialysis Access Consortium AV graft trial. 20 Rates for continued AV fistula and AV graft function were extrapolated from previously published reports 15, 21 and similar to cumulative patency rates reported in a recent work by Lok et al. 9 Predicted survival associated with each access type (AV fistula, AV graft, and CVC) was derived from patient-level data in the Dialysis Outcomes and Practice Patterns Study 2 (DOPPS 2) cohort. 3 Because death within the first 90 days of hemodialysis initiation was assumed to be less attributable to access choice for individuals initiating hemodialysis with CVCs, the same initial 90-day mortality rate was used for all patients followed by an access-specific post-90-day mortality model. The initial predicted 90-day mortality rate was determined using logistic regression from North American and European DOPPS 2 participants and included terms for age, sex, and diabetes status. For post-90-day mortality, a Cox proportional hazards model with terms for age, sex, and diabetes status was constructed for each access subgroup using DOPPS 2 data (n=2855).
Costs of access placement were estimated using reimbursement rates available through the Centers for Medicare and Medicaid Services ( Table 2) . Total yearly medical costs associated with each access type (which include access-and nonaccess-related costs as well as hospitalizations) were estimated using the 2010 US Renal Database System (USRDS) report. 22 Because first-year hemodialysis costs are greater than subsequent yearly costs, an estimate of first-year access-specific costs was made using the USRDS data reported by Mau et al. 23 Because first-year costs were not specified by access type in the study by Mau et al., 23 the costs associated with AV grafts were assigned the baseline yearly cost, with AV fistula (lower) and CVC (higher) costs adjusted downward and upward, respectively, to match the price ratios seen in the 2010 USRDS report.
Model Coding
Our model was programmed in Microsoft C-Sharp (version 2010). Cycle length varied, because the simulation was event-driven. The simulation was run 100,000 times for each model patient.
Sensitivity Analyses
AV fistula initial success rate varied between 35% and 86% depending on age range (40-80 years old), sex, and diabetes status (Table 5) . To investigate alternative plausible model inputs, we varied the following parameters.
AV Fistula Initial Success Rate
Because patient, center, and surgeon factors can affect the probability of initial AV fistula success, the intercept of the base case logistic regression was modified to produce either an absolute 20% lower or higher success rate.
Long-Term Patency of AV Fistulas and AV Grafts
For AV fistulas, we investigated the effect of a relative decrease in the patency rate by 50%. For AV grafts, the long-term patency was increased by a relative 50%. This analysis accounted for upward bias in the patency rate for each access type caused by the choice of better candidates for AV fistula placement.
Time Needed before Use of Access Type
We investigated whether varying the time needed to achieve a functioning AV graft affected survival by increasing this time period from 30 to 90 days (the same time period as the AV fistula strategy).
Costs
Costs were varied in two different ways. First, the yearly cost of AV graft use was reduced to match that of AV fistula use. This change was made to account for the possibility that, because of selection bias, AV fistula candidates may typically be less likely to require interventions (and thus, have lower costs) or alternatively, with AV fistulas being placed in less healthy patients, that more frequent interventions could narrow the cost difference between AV fistulas and grafts. Second, the yearly cost of catheter use was increased to explicitly account for infection-related costs. Although these costs may already be incorporated in the yearly costs, the USRDS report did delineate how infection costs contributed to overall costs. We estimated infection-related costs to be an additional $25,000 per year on the basis of an assumed cost of $25,000 per episode and an assumed average of one infection episode per year.
